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(nitrogen)/^  (fuel)  stere  evaluated.  TnV^itrogen  content  in  the  fuel 
was  adjusted  by  mixing  a JP-S  type  fuel  derived  from  shale  oil  (902 
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(fuel)).  Nitrogen  content  of  the  fuel  had  no  effect  on  engine  performance 
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The  carbon  monoxide  and  unburned  hydrocarbon  emlialona  wore  equivalent  tor 
all  the  fuels  included  in  the  test  program.  For  the  angihe  power  ratings 
tested,  the  oxides  of  nitrogen  esdseions  increased  with  increasing  nitrogen 
content  of  the  test  fuel.  The  conversion  efficiency  of  fuel  bound  nitrogen 
to  oxides  of  nitrogen  appears  to  be  independent  of  the  nitrogen  content  of 
the  fuel.  Difficulties  in  measuring  ■sail  changes  in  oxides  of  nitrogen 
level  resulting  from  low  nitrogen  content  fuels  (5(W^  nitrogen/g  (fuel)  ( 
less)  caused  the  conversion  efficiency  to  be  very  varlule.  The  conversion 
efficiency  for  fuels  with  a nitrogen  content  of  250A^(nitrogon)/g  (fuel) 
or  greater  was  approximately  45  percent. 
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INTRODUCTION 

The  Navy, as  a large  user  of  petroleum  products  to  power  its  ships 
and  aircraft,  is  seriously  concerned  eUtxaut  the  possible  loss  of  this 
strategic  material  in  the  future.  Naval  aircraft  consume  approximately 
one  billion  gallons  of  JP-5  type  fuel  each  year.  In  order  to  reduce 
its  dependence  on  this  critical  material,  the  Navy  is  conducting 
extensive  conservation  programs  and  is  evaluating  petroleum  products 
derived  from  alternate  sources  such  as  tar  sands,  shale  oil  and  coal. 

The  Chief  of  Naval  Materials  (Development)  has  assigned  the  Naval  Air 
Propulsion  Center  (NAPC)  the  responsibility  of  evaluating  JP-5  type 
fuels  obtained  from  these  alternate  sources. 

Back  in  1975,  NAPC  successfully  completed  its  first  full  scale 
evaluation  of  an  alternate  fuel  derived  from  tar  sands  in  a T63-A-5A 
gas  turbine  engine  (GTE) . Reference  1 reported  that  the  tau:  sands 
alternate  fuel  would  be  aui  acceptable  substitute  for  petroleum  derived 
JP“5  fuel  and  that  it  would  have  little  effect  on  engine  exhaust  emissions. 
Included  in  reference  2 are  the  results  of  an  evaluation  of  a hydrotreated 
coal  derived  JP-5  type  fuel  in  the  same  T63  GTE.  Again  the  alternate 
fuel  had  little  or  no  effect  on  engine  performance  or  emission  levels. 

In  an  evaluation  of  an  alternate  fuel  derived  from  shale  oil  (reference  3) , 
it  was  found  that  the  alternate  fuel  did  not  meet  the  requirements  of 
Military  Specification  MIL-T-5624K  for  JP-5  fuel.  Due  to  high  levels 
of  solids  in  the  fuel,  in-line  filters  were  employed  to  protect  the  engine 
during  the  evaluation.  Even  though  this  fuel  did  not  meet  specification, 
no  change  in  the  T63  GTE  performance  was  observed  when  compared  to  the 
engine  performance  on  regular  JP-S  fuel.  It  was  observed  that  the  oxides 
pf  nitrogen  (NOx)  levels  were  significantly  higher  than  those  obtained 
with  regular  JP-5  type  fuel  and  are  probably  related  to  the  high  nitrogen 
content  of  the  fuel. 

The  JP-5  derived  from  shale  oil  employed  in  this  test  program  was 
reprocessed  by  distillation  to  improve  its  physical  properties  and  to 
remove  solids  and  gums.  The  fuel  met  the  militarv  specification  for  JP-5 
type  fuel  except  for  freeze  point.  The  objectives  of  this  study  were 
to  confirm  the  presence  of  high  levels  of  NOx  in  the  engine  exhaust,  to 
obtain  information  on  conversion  efficiency  of  fuel  bound  nitrogen  into 
NOx,  assess  the  impact  of  this  high  nitrogen  containing  fuel  on 

meeting  pollution  control  regulations. 

This  study  is  part  of  NAPC  Work  Unit  Plan  No.  812  which  was  approved 
and  authorized  by  the  Chie'f  of  Naval  Material  (Development)  through 
reference  4. 

CONCLUSIONS 

1.  NOx  emissions  for  the  same  engine  power  rating  increased  with  increasing 
fuel  nitrogen  content. 
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2.  The  conversion  efficiency  of  fuel  bound  nitrogen  to  NO  and  NOx  was 
approximately  45  percent  for  the  test  data  in  which  the  NO  and  NO^  values 
could  be  accurately  measured. 

3.  No  significant  effects  were  noted  on  engine  performance  or  carbon 
monoxide  (CO)  and  unburned  hydrocarbons  (HC)  emissions  due  to  the 
presence  of  high  levels  of  fuel  bound  nitrogen. 

4.  The  use  of  shale  derived  JP-5  fuel  with  a high  nitrogen  content  will 
make  it  more  difficult  to  meet  the  EPA  NO^  standards  for  aircraft  gas 
turbine  engines. 

RECOMMENDATION 


1.  A test  program  should  be  initiated  using  a combustor  rig  to  determine 
those  parameters  (fuel  properties  and/or  combustion  characteristics) 
which  affect  the  conversion  of  fuel  bound  nitrogen  in  oil  shale  derived 
fuel  to  NOjj. 

DESCRIPTION 
T63-A-5A  Engine 

1.  An  Allison  T63-A-5A  engine  was  used  for  the  alternate  fuel  nitrogen 
conversion  evaluation.  This  turboshaft  engine  is  of  the  "free"  turbine 
type  and  is  used  in  the  Army  OH-58A  and  Navy  TP-57A  helicopters.  The 
gas  producer  section  is  composed  of  a combination  six-stage  eocial  flow, 
one-stage  centrifugal  flow  compressor  directly  coupled  to  a two-stage  gas 
producer  turbine  v^ich  is  gas  coupled  to  the  "free"  power  turbine.  The 
engine  contains  an  integral  reduction  gearbox  (5.84:1)  which  provides 

an  internal  spline  output  drive  at  the  front  of  the  gearbox.  The 
engine  has  a single  ccxnbustion  chamber.  The  output  shaft  centerline 
is  located  below  the  centerline  of  the  engine  rotor  and  the  exhaust 
is  directed  upward  through  dual  exhaust  pipes.  An  air  bleed  valve  at 
the  fifth  compressor  stage  is  provided  to  insure  surge  free  accelerations. 

2.  The  T63-A-5A  engine  was  installed  in  a sea  level  test  cell  using  a 
t)iree-point  mounting  system.  A flywheel  and  an  Industrial  Engineering 
Water  Brake,  Type  400  were  connected  to  the  engine  gearbox  assembly  at 
the  forward  power  output  pad  to  absorb  the  engine  power.  The  brake 
reaction  was  measured  by  a Baldwin  load  cell.  The  power  turbine  inlet 
temperature  Indication  (T5)  is  an  average  of  four  thermocouples  located 

at  the  power  turbine  inlet  nozzle.  All  parameters  to  determine  the  engine 
starting  and  steady-state  performance  with  the  fuels  were  measured  using 
standard  test  cell  instrumentation. 

Qnjssion  Instrumentation  and  Equipment 

3.  The  instruments  listed  below  were  en^loyed  in  the  analysis  of  exhaust 
samples  from  this  engine: 
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Pollutant 

Analysis  Principle 

Manufacturer 

Model 

HC 

flame  ionization 

Beckman 

402 

CO 

nondispersive  infrared 

Beckman 

31 5A 

CO2 

nondispersive  infrared 

Beckman 

315A 

NO/NOjj 

chemiluminescence 

Thermo-Electron 

lOA 

These  instruments  meet  the  requirements  rpecified  by  the  Environmental 
Protection  Agency  (EPA)  in  reference  5 for  the  analysis  of  aircraft 
exhaust  gtses. 

4.  Gases  used  to  calibrate  the  edsove  instrumentation  were  purchased  from 
Scott  Specialty  Gases  and  Matheson  Gas  Products  and  the  concentrations  were 
guaranteed  by  the  vendor  to  be  accurate  to  +2  r>ercent. 

5.  An  exhaust  gas  sampling  probe  was  fabricated  in  accordance  with 
reference  5.  It  was  made  of  stainless  steel  with  four  arms  extending 

from  a central  manifold*  The  plane  of  the  probe  was  an  ellipse  with  i 

major  and  minor  axes  of  231.8  mm  (9-1/8  inches)  and  177.8  mm  (7  inches). 

There  were  three  1.524  mm  (0.060  inch)  diameter  holes  at  the  centers  of  * 

equal  areas  on  each  arm.  The  probe  was  centered  in  the  exhaust  stream  ] 

41.3  ran  (1-5/8  inches)  downstream  of  the  exhaust  pipe  exit.  The  probe 
was  mounted  in  the  port  exhaust  tailpipe  of  this  dual  tailpipe  engine. 

6.  The  exhaust  gas  sampling  line  was  approximately  7.6  m (25  ft)  in 
length  and  9.525  mm  (0.375  in)  in  dicuneter.  The  line  consisted  of  two 

3.0  m (10  ft)  and  one  1.5  m (5  ft)  sections  of  Technical  Heater,  Incorporated,  ' 

Model  TP  212  Heated  Gas  Analyses  Sampling  Hose.  The  sample  line  was 
maintained  at  a temperature  of  149®C  + 5®C  (300®F  + 9®F)  to  prevent 
condensation  of  material  in  the  line. 

Fuel 

7.  Two  fuels  were  employed  in  this  evaluation.  One  was  regular  JP-5 
derived  from  petroleum,  which  was  available  at  the  Center,  and  the  other 
was  a JP-5  type  fuel  derived  from  crude  shale  oil.  Prior  to  test,  the 
shale  oil  JP-5  product  was  redistilled  to  remove  the  excessive  solids  zmd 
gums  reported  in  reference  3,  and  to  Improve  other  marginal  characteristics. 
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8.  The  nitrogen  content  of  the  test  fuels  was  varied  by  mixing  regular 
JP-5  and  shale  oil  JP-5  fuel  together.  Test  fuels  corresponding  to 
0,  5,  30,  60,  and  100  percent  shale  oil  JP-5  were  evaluated.  A san^le 
of  each  fuel  was  subjected  to  laboratory  analyses  to  determine  conform- 
ance to  Military  Specification  MIL-T-5624K  for  JP-5  fuel,  and  fuel  bound 
nitrogen  content. 
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METHOD  OF  TEST 


1.  Engine  performance  and  exhaust  gas  emission  levels  were  measured  at 
the  following  engine  conditions  for  each  of  the  five  test  fuels; 


Power  Rating 


Controlling  Parameters 


Idle 


FCLA  = 0.52  rad  (30®);  NPT  = 417  rps  (25,000  rpm) 


60%  NR  T5  = 577°C  (1070®F) ; NPT  = 583  rps  (35,000  rpm) 

MIL  T5  * 749°C  (1380®F);  NPT  = 583  rps  (35,000  rpm) 

The  engine  was  allowed  to  stabilize  for  five  minutes  before  performance 
and  emission  data  were  token.  No  engine  bleed  air  was  extracted  during 
emission  sampling  except  at  idle  where  the  compressor  fifth-stage 
acceleration  bleed  valve  is  automatically  opened. 

DISCUSSION  AND  ANALYSIS  OF  RESULTS 

Fuels 


1.  Table  I contains  the  results  of  the  analysis  performed  on  the  five 
test  fuels.  The  fuels  met  the  JP-5  specification  requirements  with  the 
exception  of  freeze  point.  The  30,  60  and  ICO  percent  shale  oil  JP-5 
had  freeze  points  exceeding  the  specification  limit  of  -46®C  (-51 *P}. 
This  deficiency  had  no  impact  on  the  test  results  obtained  for  these 
three  fuels  because  all  the  tests  were  performed  with  fuel  temperatures 
around  27®C  (80®F) . 


2.  Total  fuel  bound  nitrogen  content  reported  included  both  basic  and 
non-basic  nitrogen.  Basic  nitrogen  was  determined  for  each  of  the  test 
fuels  by  non-aqueous  perchloric  acid  titration.  Non-basic  nitrogen  was 
determined  by  microcoulometry  for  the  100  percent  shale  oil  JP-5,  only. 
The  non-basic  nitrogen  for  the  other  fuels  was  calculated  based  upon 
the  mixing  ratio  between  regular  JP-5  fuel  and  shale  oil  JP-5  fuel. 
Regular  JP-5  fuel  was  assumed  to  have  no  non-basic  nitrogen.  The  total 
fuel  bound  nitrogen  content  for  the  five  test  fuels  varied  from  3/fg 
(nitrogen) /g  (fuel)  for  regular  JP-5  to  902  g (nitrogen)/g  (fuel)  for 
100  percent  shale  oil  JP-5. 

Engine 


3.  Engine  performance  data  obtained  during  the  progreun  can  be  found  in 
Table  II.  The  nitrogen  content  of  the  fuel  had  no  significamt  effect  on 
engine  performance  (cycle  efficiency)  and  this  confirms  the  findings 
previously  reported  in  reference  3. 

Exhaust  Emissions 


4.  Table  III  contains  the  results  of  the  exhaust  gas  measurements  performed 
during  the  test  program.  Because  of  a mechanical  failure  of  the  sampling 
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pump,  no  data  was  obtained  for  the  i ise  line  JP-5  fuel  at  the  60  percent 
normal  rated  (NR)  powc:r  condition.  Figures  1,  2,  3,  and  4 show  how  the 
emissions  from  this  engine  varied  with  the  nitrogen  content  of  the  test 
fuel.  The  nitric  oxide  (NO)  emd  NOjj  emissions  (Figures  1 and  2, 
respectively)  both  show  increases  rn  emission  levels  with  increases 
in  fuel  nitrogen  content.  Since  NO  and  NOx  formation  is  a function  of 
temperature  and  residence  time,  which  remained  virtually  unchanged  for 
each  power  setting  during  the  study,  the  increase  in  emission  levels 
has  to  be  related  to  fuel  nitrogen  content.  Further  interpretation  of 
the  NO  and  NOj^  data  and  discussion  of  fuel  nitrogen  conversion  efficiency 
cam  be  found  in  the  Conversion  of  F\;el  Bound  Nitrogen  section  of  this 
report. 

5.  The  unburned  hydrocarbon  (HC>  emissions  (Figure  3)  at  idle  appear  to 
decrease  with  increasing  nitrogen  content  of  the  fuel.  This  change  was 
unexpected  and  could  not  be  related  to  any  physical  and/or  chemical 
property  of  the  fuel  (see  Table  I) . In  order  to  identify  the  cause  of 
this  change,  the  idle  engine  performance  data  presented  in  Table  II  was 
reviewed.  It  is  apparent  from  Table  II  that  the  idle  performance  (F/A, 

T5,  and  shaftpower)  all  increased  in  going  from  base  line  JF-5  to  the  nitro- 
gen containing  test  fuels.  This  improvement  in  performance  is  consistent 
with  the  decrease  in  HC  emissions  observed.  The  change  in  HC  emissions  at 
idle  has  to  be  relegated  to  the  engine  operator's  inability  to  reproduce 
the  same  idle  power  condition.  Hydrocarbon  emissions  for  the  60  percent 
NR  and  Military  (MIL)  power  conditions  show  no  effect  of  fuel  nitrogen 
content.  The  carbon  monoxide  (CO)  emissions  (Figure  4)  also  decreased 
with  increasing  fuel  nitrogen  content  at  the  idle  power  condition.  Just 
as  with  the  hydrocarbon  emissions  this  decrease  has  to  be  related  to  the 
engine  operator's  inability  to  reset  the  same  idle  power  condition  for  each 
test  fuel.  The  CO  emissions  for  the  60  percent  NR  and  MIL  power  conditions 
remained  virtually  unchanged. 

Conversion  of  Fuel  Bound  Nitrogen 

6.  The  NOjj  in  the  exhaust  plume  comes  from  two  sources:  nitrogen  in 
air  and  nitrogen  in  fuel.  The  conversion  of  air  nitrogen  to  NO^^  is  a 
function  of  combustion  temperature  and  residence  time.  In  this  report 
the  fixation  of  air  nitrogen  will  be  defined  as  thermal  NO  and  NOx- 

For  the  same  engine  power  condition  thermal  NO  and  NO^  will  be  considered 
indep>endent  of  the  fuel  tested.  The  difference  between  NO  and  NOx 
measured  in  the  exhaust  gas  and  the  thermal  NO  and  NO^  is  the  contribution 
of  fuel  bound  nitrogen.  Conversion  efficiency  is  defined  as  the  ratio  of  the 
actual  fuel  bound  nitrogen  contribution  to  the  theoretical  fuel  bound  nitro- 
gen contribution,  and  is  usually  expressed  as  a p>ercentage. 

7.  In  combustor  rig  testing,  where  the  operating  conditions  can  be 
environmentally  controlled,  it  is  easy  to  reset  the  same  operating 
conditions,  but  in  gas  turbine  engine  testing,  it  is  not  always  possible 
to  reset  the  same  test  point  every  time  due  to  changes  in  ambient 
conditions  and  engine  operating  parameters.  From  the  data  in  Table  II, 
it  can  be  seen  that  Power  Turbine  Inlet  Temperature  (Tg)  varied  as  much 
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as  22®C  (40*F)  at  idle,  16*C  (29®F)  at  60  percent  NR  and  5®C  (9*F)  at 
Mill.  Because  of  these  variations,  especially  at  idle  and  60  percent 
NR,  it  is  not  possible  to  use  the  regular  JP-5  NO  and  NO^  emission 
values  as  measures  of  thermal  NO  and  NOx  value  for  each  of  the  test 
fuels.  In  order  to  analyze  the  data,  it  was  necessary  to  develop  a 
I thermal  NO  and  NO,^  value  for  each  of  the  test  fuels  based  on  the 

I conditions  of  that  test,  if  it  is  assumed  that  NO  and  NO^  in  the 

I exhaust  plume  was  a function  of  conbustlon  temperature  and  fuel  nitrogen 

I content  and  that  T5  is  a direct  function  of  combustion  tmnperature,  then 

statistical  techniques  can  be  en^loyed  to  isolate  the  effects  of  tem- 
perature and  fuel  nitrogen  content  on  NO  and  NOx  emissions.  Multiple 
Regression  Analysis,  an  extension  of  the  Least  Square  Analysis  Concept 
for  fitting  a curve  to  data,  was  applied  to  the  fourteen  data  points 
obtained  during  the  program  and  the  following  equations  were  developed 
for  NO  and  NOj^: 

a.  NO  (ppm)  = 0.075814  T5  (‘C)  + 0.010684  Nf  ( /j g/g  (fuel))  - 
31.854447 

The  standard  deviation  obtained  when  the  measured  and  predicted  values 
were  compared  was  ^1.08  ppm. 

b.  NO  (ppm)  - 0.073961  T5  (“C)  + 0.011833  Nf  (/fg/g  (fuel))  “ 
30.749173 

The  standard  deviation  obtained  when  the  measured  and  predicted  values 
were  compared  was  +1.08  ppm. 

Where:  NO  « concentration  of  nitric  oxide  (ppm) 

WOx  ~ concentration  of  total  oxides  of  nitrogen  (ppm) 

Tg  = power  turbine  inlet  temperature  (®C) 

Nj  = fuel  nitrogen  content  (Afg/g  (fuel)) 

These  equations  C2ui  be  used  to  predict  exhaust  NO  and  NO  concentration, 
thermal  NO  and  NO^  contributions  and  the  fuel  nitrogen  contribution. 

8.  The  theoretical  contribution  of  fuel  nitrogen  to  engine  exhaust 
gas  NO  euid  NOj^  emission  levels,  if  all  the  fuel  nitrogen  is  converted 
to  NO  or  NOx,  can  calculated  based  on  exhaust  gas  chwnistry  amd 
fuel  nitrogen  content.  The  exhaust  gas  chemistry  is  used  to  correct 
for  any  sampling  deficiencies  through  a carbon  Isalance.  An  example 
calculation  is  presented  in  Appendix  A.  Table  IV  summarizes  the 
theoretical  NO  and  NO,^  contributions  for  all  the  fuels  and  engine 
power  conditions  included  in  the  test  program. 

9.  The  actual  concentration  of  fuel  nitrogen  NO  and  NO,^  in  the  exhaust 

can  be  obtained  by  subtracting  the  thermal  NO  or  NOx  NO  or  NO^ 

concentration  measured  in  the  exhaust  gases,  nie  conversion  efficiency, 
which  is  normally  expressed  as  a percentage,  la  obtained  by  dividing  the 
actual  concentration  by  the  theoretical  contribution.  The  conversion 
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efficiency  was  calculated  on  both  a NO  and  a NOj^  basis  and  the  results, 
along  with  total,  thermal,  theoretical  and  actual  fuel  nitrogen  NO  and  NO. 
concentrations  are  summarized  in  Tables  V and  VI,  respectively.  Figures 
5 and  6 show  how  conversion  efficiency  was  affected  by  the  nitrogen 
content  in  the  fuel.  The  data  in  both  tables  are  almost  identical 
which  indicated  tnat  none  of  the  fuel  bound  nitrogen  is  being  converted 
to  NO2.  Strict  interpretation  of  the  data  presen -ed  in  the  tables 
would  be  that  the  conversion  efficiency  is  slightly  higher  at  low  fuel 
nitrogen  coj)tent£;  (approximately  55  percent)  and  it  slowly  drops  off 
and  finally  levels  off  around  45  percent  at  high  fuel  nitrogen  contents. 


10.  At  low  fuel  nitrogen  contents  (less  tlian  50  .‘fg  (nitrogen)/g  (fuel)), 
the  actual  and  theoretical  fuel  nitrogen  NO/NO^  contributions  are  very 
small.  Tliese  levels  are  below,  or  approach,  the  accuracy  of  the  chem- 
iluminescence analyzer  as  can  be  seen  by  the  large  variation  in  conversion 
efficiency  for  the  3 and  47  /jg  (nitrogen)/g  (fuel)  test  fuels.  With 
these  fuels  an  error  of  ^1  ppm  can  change  the  con''"'rsion  efficiency 
from  0 to  100  percent,  while,  with  the  high  nitrogen  test  fuel  (902 /|g 
(nitrogen)/g  (fuel)), a cliange  of  jtl  ppm  only  .ffects  the  conversion 
efficiency  by  ten  percent.  Most  likely, conversion  efficiency  is  actually 
independent  of  the  fuel  nitrogen  content,  and  is  a function  of  the  combustion 
parameters  that  exist  in  the  combustor. 


Environmental  Effect 


11.  Since  more  than  fifty  percent  of  the  nitrogen  in  the  fuel  was  not 
accounted  for  in  NO/NOy  measurements,  additional  testing  using  a nitrogen 
balance  method  is  necessary  to  resolve  the  question  of  what  happens  to 
the  remaining  fuel  bound  nitrogen.  There  are  many  possible  molecules 
which  could  be  formed,  three  of  which  are  nitrogen  gas,  cyanide  compounds 
(R-CN)  or  nitroso  compounds  (R-NO2) . These  latter  two  types  of  compounds 
are  highly  reactive  cind  could  have  a very  detrimental  effect  on  the 
environment  if  tliey  are  emitted  in  sufficient  quantity. 


12.  The  effect  of  increased  NO/NOjj  emissions  or  current  Navy  engines 
is  variable.  For  low  temperature  combustion  systems  such  as  those  in 
turboprop  and  turboshaft  engines  the  NO/NOx  emissions,  because  of  fuel 
nitrogen,  could  double  the  exhaust  gas  NO/NOx  concentration.  Tn  high 
temperature  combustion  systems  used  in  high  performance  turbojet  and 
turbofan  engines  which  already  have  high  NO/NOx  emission  levels,  the 
effect  of  NO/NOx  e***ission8  will  be  small.  Gas  turbine  engines  using 
current  technology  combustion  systems  already  exceed  the  limits  estab- 
lished by  the  EPA  for  commercial  aircraft  engines.  The  use  of  shale 
derived  JP-5  fuel  with  high  nitrogen  will  aggravate  the  problem  of 
meeting  the  EPA  Standards  for  aircraft  gas  turbine  engines. 
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FIGURE  2.  ■i’OTAL  NITROGEN  OXIDE  (NO^)  EMISSIONS  VERSUS  FUEL 
BOUND  NITROGEN 


Fuel  Bound  Nitrogen,  >*fg/g  fuel 


FIGURE  3 
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FIGUKE  4.  CAKBON  MONOXIDE  (CO)  EMISSIONS  VERSUS  FUEL  BOUND  NITROGEN 
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FIGURE  5.  CONVERSXOH  EFFICIENCY  OF  FUEL  BOUND  NITROGEN  TO 
NITRIC  OXIDE  (NO) 


Fuel  Bound  Nitrogen,  ^9/g  fuel 


O Average  Conversion  Efficiency 


12 


lliriiMii  iiiMiTw  in  imi 


4 


n 


1 


[ 


f 

L 

i 

t 

r 

f 

[ 

E 

E 

[ 

\ 

V 

i 

[ 

[ 

i 


i 

I 

l 

i 

r 

* 

I 


I 

I 

I 

I 


1 

I 

1 

I 

) 

NAPC-PE-l  j 

FIGURE  6.  CCaiVERSIOH  EFFICIENCY  OF  FUEL  BOUND  NITROGEN  TO  TOTAL  ! 

NITROGEN  OXIOiBS  (NO^)  ! 
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TABLE  IV 

THEORETICAL  OXIDES  OF  NITROGEN  (NO/NOy)  FROM 
FUEL  BOUMD  NITROGEN 


Engine 

Power 

Fuel  Bound 

Nitrogen,  >sq/q  fuel 

3 

47 

267 

515 

902 

IDLE 

0.06 

1.1 

5.8 

11.3 

19.8 

60%  NR 

- 

1.2 

6.6 

12.7 

22.2 

MIL 

0.09 

1.4 

8.1 

15.6 

27.3 
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APPENDIX  A 

THEOEBTICAL  CAICULATION  OF  NO/NOn  EMISSION  FROM  FUEL  BOUND  WIT»PC»” 
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Example ; 

T63-A-5A  engine  at  idle  power 

Fuel  carbon/hydrogen  atomic  ratio  - 1/1.9 

Fuel  flow  rate  - 7.85  g/s 

Fuel  nitrogen  content  - 902  yyg/g  (fuel) 

Carbon  dioxide  - 2.10% 

Carbon  monoxide  - 992  ppm 
Unburned  hydrocarbons  - 116  ppm 

I.  Input  to  the  Combustor 

(a)  Carbon 

7.85  g (fuel)/8  X 12  g (C)  X 1 mole  (C)  - 0.565  mole  (O/s 

13.9  g (fuel)  12  g (C) 

(b)  Nitrogen 

7.85  g (fuel)/8  X 902>«g(N)  X 1 mole  (N)  - 0.000506  mole  (N)/s 

g (fuel)  14  g (N) 

(c)  Nitrogen/Carbon  Ratio 

0.000506  mole  (N)/s  - 0.000896  mole  (N/C) 

0.565  mole  (C)/s 

II.  Output  from  Combustor 
(a)  Carbon 

(1)  carbon  dioxide » 2.10% 

(1  mole  CO^  ■ 1 mole  C) 

(2)  carbon  monoxide/  992  ppm 
(1  mole  CO  > 1 mole  C) 

(3)  unburned  hydrocarbon/  116  ppm 
(1  mole  HC  ■ 1 mole  C) 

Total  Carbon  

10^  moles  (exhaust) 


2.10  X 10^  moles  (C) 

10^  moles  (exhaust) 

9.92  X 10^  moles  (C) 

10<>  moles  (exhaust) 

1.16  X 102  moles  (C) 

10^  moles  (eichaust) 

2.21  X 10^  moles  (C) 
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(b)  Nitrogen  Based  on  Input  Conditions 

1 mole  (H)  - 1 8»le  (NO)  ■ X mole  (NO,) 

0.000896  mole  (N/C)  X 2.21  X 10^  moles  (C) 

10^  moles  (exhaust) 


1.98  X 10^  moles  (N) 


lO**  moles  (exhaust) 


19.8  ppei  NO/NO, 
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